Understanding the skin biomechanics, specifically pliability and elasticity, in patients with nasal valve collapse may allow for new methods to assess which patients require more advanced nasal valve surgery.
N asal obstruction due to nasal valve collapse is a common reason for a consultation with an otolaryngologist. The condition has potential to cause patient morbidity and to increase costs to the health care system. 1 Bridger and Proctor 2 have modeled the nasal valve as a Starling resistor. In this model, according to the Bernoulli principle, as airflow increases, negative pressure within the narrowest portion of the nasal valve will increase, thereby drawing the nasal sidewall medially. At a critical point, increasing nasal inspiration will overcome the elastic resistance of the Starling resistor (the nasal valve), and collapse will occur. This dynamic nasal valve collapse results in reduced airflow as breathing effort is increased. This constant medializing force may strain the nasal sidewall, causing changes similar those exerted by a tissue expander. 3, 4 With time, the sidewall may weaken such that at normal inspiratory flow rates, the negative pressure drawing the sidewall medially is greater than the resistive forces maintaining lateralization of the nasal sidewall. At this point, dynamic nasal valve collapse can occur during low-effort breathing.
Although numerous methods of assessing nasal valve collapse exist, its accurate diagnosis remains difficult. 5 A clinical consensus statement published in 2010 failed to identify a gold standard test to diagnose nasal valve collapse. 6 Furthermore, dynamic nasal valve collapse requires active inspiration, and thus modalities such as radiographic imaging and endoscopic evaluation have only limited benefit in evaluating both internal and external dynamic nasal valve function. 6 Developing objective methods to assess those at risk for nasal valve collapse would allow clinicians to better predict which patients require a functional rhinoplasty to address the nasal valve. The Cutometer MPA 580 (Courage & Khazaka Electronic GmbH) is a device designed to measure the mechanical properties of skin. 7 It applies an external negative pressure to the skin and then measures the vertical deformation of the skin over time through a high-resolution optical system. The Cutometer is placed on the skin, and an airtight seal is achieved. Once placed on the skin and activated, the Cutometer applies suction to the skin, thereby deforming the skin into a 4-mm port or hole in the center of the device. An optical system within the port then measures the deformation as well as the timing of the deformation into the port allowing calculation of outcome variables. The Cutometer has the ability to detect changes in the skin pliability (skin firmness, or the ease with which the skin lengthens or stretches under a given load) and skin elasticity (elastic recoil, or the distance the skin returns to its resting position after stretching) as well as other mechanical properties. Studies in tissue expansion have found that if a force is applied to skin, changes over time occur in the tissue, resulting in a reduction in elasticity as well as an increase in pliability. [8] [9] [10] [11] Given these findings, we hypothesize that measurable changes may be occurring in the nasal skin overlying the nasal valve in patients with long-term nasal valve collapse, specifically a loss of skin tension 12 and an increase in pliability of the nasal sidewall, contributing to the nasal valve collapse.
The goal of this study was to test the hypothesis that the nasal skin of patients with unilateral nasal valve collapse demonstrates reduced elasticity and increased pliability on the side of the collapse compared with the nasal skin on the side without nasal valve collapse.
Methods
This was a single-center, prospective study conducted at an outpatient otolaryngology clinic under a protocol approved by the Ottawa Health Science Network Research ethics board (protocol No. 20160488). Patient enrollment occurred from July 1, 2016, through August 31, 2016. Patients older than 18 years who presented to otolaryngology clinic for evaluation of nasal obstruction were eligible if they were able to provide written informed consent.
A pilot study was conducted to determine sample size required to ensure the study had enough power to detect a difference between the outcome measures. Based on prior research, 8, 9 the mean (SD) difference in pliability between the normal side and the side of the nose with nasal valve collapse was estimated to be 0.05 (0.09) mm. Assuming an alpha of 0.05 and a beta of 0.80, a minimum of 25 patients were required. All patients were assessed for nasal valve collapse using 2 physical examinations recommended by the 2010 Clinical Consensus Guidelines 6 : (1) visual inspection and (2) manual intranasal wall lateralization via the modified Cottle maneuver. 13 To assess for active nasal valve collapse on visible inspection, patients were asked to take a deep breath in through their nose while the examiner assessed for physical collapse. No decongestants were used during the process. Collapse of the nasal valve was defined as a patient having visual evidence of lateral nasal wall medialization of 50% or more in addition to a positive finding on the modified Cottle maneuver on the same side. Descriptive data were collected for age, sex, and physical examination findings. Patients were asked which side of their nose they believed to be the most obstructed, and they completed the Nasal Outcome Symptom Evaluation (NOSE) questionnaire. 14, 15 The NOSE score was normalized to 100.
Demographic and symptom data were collected by the primary investigator (J.P.B.). Following this assessment,
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a separate assessor (research assistant) blinded to the side of nasal valve collapse performed the Cutometer MPA 580 measurement.
Cutometer Measurement Protocol
Participants' skin was cleaned with isopropyl alcohol before testing. The skin was then allowed to dry for 5 minutes. The Cutometer MPA 580 with an attached 4-mm probe ( Figure 1 ) and its accompanying software (Cutometer MPA Q, Courage & Khazaka Electronic GmbH) was used to assess the patients' nasal skin. The probe was fixed with an adhesive tape to maintain an airtight seal with the skin. The probe was placed on the nasal skin at a right angle and held in place by the investigators hand. 16 Patients' nasal skin was assessed bilaterally overlying the caudal edge of the internal nasal valve, which was defined as the point above the supra-alar crease, centered midway between the alar-facial junction and the tip of the nose.
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The internal suction pressure was set at 400 millibars (mbar) (40 kPa), 17 and measurements were taken for 3 cycles on each side of the nose. A cycle was defined as a period of 6 seconds, with 3 seconds of active suction pressure and 3 seconds without suction pressure. A 30-second rest was provided between cycles to limit the effect of elastic hysteresis. All methods followed previously published guidelines for Cutometer use. 16, 18 A typical deformation curve is illustrated in Figure 2 . The 3 measurement cycles were performed on each side of the nasal cavity in an alternating manner. Room temperature and air humidity was maintained at 25°C and 50%, respectively. All participants were required to remain in the environment for a minimum of 15 minutes before testing. The research assistant performing the assessment with the Cutometer was blinded to the NOSE score and physical examination findings.
Outcome Measures
Two nasal skin characteristics were measured and used as our primary outcome measures (Figure 2 ): pliability (Uf = the total distance in millimeters that the skin stretches after 3 seconds of constant force) and elasticity (Ua/Uf = the percentage of the total distance that the skin returns within 3 seconds after the suction force is released from the point of maximum expansion to the original resting state). Three trials were performed At time 0, suction onset, a 400-millibar pressure is applied to the skin and held for 3 seconds, during which the skin expands to where elastic fibers reach their maximum (termed Ue, not illustrated), and further viscoelastic lengthening occurs due to fluid distribution within the skin (termed Uv, not illustrated). The sum total expansion of Ue and Uv is defined as total pliability (Uf) measured at 3 seconds. At this point, the suction is removed, and the initial elastic recoil (Ur) occurs almost immediately. Three seconds after suction is removed, measurement is taken to determine elastic recoil, the distance the skin returns back toward its original position (Ua). Elasticity is defined as the percentage the skin returns to normal after its maximum expansion (Ua/Uf). for each patient. The median value of the 3 trials was used as the patient's outcome measure for the purpose of the statistical analysis. These scores represent a static assessment of the skin's biomechanical properties.
Statistical Analysis
Two paired t tests were used to compare each patient's nose skin on the side with nasal valve collapse vs the side without nasal valve collapse. The paired t test was performed for both pliability scores and elasticity scores. Minitab software, version 18.1 (Minitab Inc) was used for all statistical testing.
Results
A total of 37 patients were approached, and a total of 27 patients were included in the analysis. All nonparticipants expressed the same reasons for not participating: inability or unwillingness to make the time commitment for testing. A total of 15 patients (56%) were male and 12 (44%) were female; mean (SD) age was 44 (21) years (range, 16-90 years). Although all patients had a positive finding on the modified Cottle maneuver on the side of the nose with nasal collapse, only 18 patients (67%) demonstrated a classic positive Cottle maneuverer result on that side. Twenty-one patients (81%) subjectively identified their left nostril to be the most obstructed side. The mean (SD) NOSE score was 66.3 (22.94).
There was a significant difference in mean (SD) skin pliability between the side of the nose without collapse (0.520 [0.139] mm) and the side with collapse (0.610 [0.200]) (mean difference, 0.090 mm; 95% CI, 0.014-0.156 mm; P = .02; t = 2.47). There was no significant difference in mean (SD) elasticity between the side of the nose without collapse (0.960% [0.031%]) and the side with collapse (0.967% [0.036%]) (mean difference, 0.007%; 95% CI, −0.018% to 0.021%; P = .90; t = −0.12) (Table) . There were no adverse effects or complications from testing.
Discussion
To our knowledge, the static biomechanical properties of pliability and elasticity of the nasal skin have never been studied. The results of this study suggest that there is a difference in the pliability of the nasal skin in patients with unilateral nasal valve collapse between the side of the nose with the collapse and the side without collapse. It remains unclear, however, if the increase in pliability is a result of the valve collapse or if long-standing and repeated valve collapse has resulted in the alteration in pliability. Although the results of this study demonstrate a statistically significant difference in skin pliability between the collapse and noncollapse sides of the nose in patients with unilateral nasal valve collapse, it remains unknown if this represents a clinically meaningful finding.
Previous studies have used the Cutometer to assess the changes in skin after topical tissue expansion. Interestingly, the increase in pliability in nasal skin on the collapse side vs the noncollapse side was slightly more than the increase in pliability of forearm skin after a period of tissue expansion 9 ; and as with the nasal skin, no change was identified in tissue elasticity. Although no direct evidence is available, the present study suggests that the force exerted on the nasal valve during breathing causes a strain on the nasal sidewall, which acts as a form of tissue expander and 3, 4, [7] [8] [9] 16, 19 potentially weakens the sidewall tissue, eventually reaching a point where the collapsing forces are greater than the resisting forces.
Limitations
Although this study provides evidence of an association between change in nasal skin pliability and nasal valve collapse, there are important limitations. It is not possible to determine whether the increased pliability developed as a result of the long-standing forces acting on the nasal valve, or if the increased pliability was always present and predisposed the nasal valve to collapse due to alterations in intranasal airflow. In addition, there was no correlation between obstruction severity indicated by the NOSE score and skin biomechanical measurements, which is in keeping with the fact that physical examination findings are often inconsistent with subjective feelings of nasal obstruction. 20 In addition, it is difficult to determine which layers of nasal skin the Cutometer is assessing. Previous research assessing probe sizes and pressure levels note that a 2-mm probe at 400 mbar will measure approximately 0.5 to 0.7 mm of skin depth while an 8-mm probe at 200 mbar will measure up to 2.5 mm of depth. Using a 4-mm probe at 400 mbar, we are likely falling within these 2 measurements; however, this cannot be determined by our study. 17 Importantly, this study assessed the external nasal valve skin. The Cutometer does not have the ability to assess the internal nasal mucosa; therefore, the external skin was assessed.
Conclusions
To our knowledge, this is the first study assessing the static biomechanical properties of nasal skin of patients with nasal valve collapse. The amount by which the nasal valve skin of patients with nasal valve collapse demonstrates an increase a Pliability is measured as the distance in millimeters that the skin stretches at the end of the 3-second active pressure cycle. b Elasticity is measured as the percentage of the total distance that the skin returns in 3 seconds from the point of maximum expansion to the original resting state.
in pliability could potentially provide objective data for selecting patients who will require an intervention specific to tightening of the nasal valve vs those who only require an intervention to alter the static dynamics and anatomy of the nasal skin. Further prospective assessment of the association of the biomechanical measurements with clinical symptoms before and after surgery is warranted to better address this issue.
